Lohmann LSL-Lite and Classic Brown laying pullets were reared and caged at the Agassiz Research Centre following recommendations of the management guides. At 30 wk of age, these hens were fed 1 of 5 diets per strain following the Lohmann nutrient recommendations. In addition to a control treatment, diets were formulated to contain 300 or 600 U/kg of phytase, with or without enzyme inclusion, where the phytase was assumed to cause the release of P, Ca, energy, and protein. Diets were changed at 45 wk to follow a phase-feeding program, but treatments remained the same. These dietary changes did not result in major changes in measures associated with P deficiency, likely because the management guides suggest P levels that largely exceed the requirements of the birds. Rather than adding high levels of inorganic P to layer feeds, the safety margin currently included in recommended dietary specifications could be provided by the addition of phytase. This would reduce the negative environmental effects of intensive poultry production that are associated with P excretion.
DESCRIPTION OF PROBLEM
Much of the P in poultry feeds is unavailable to chickens because it is bound in phytate, which serves as the storage molecule for P in seeds [1] . The result is that although poultry feeds contain sufficient P for normal growth and production, inorganic P is added to the feed and excess P is excreted, leading to an oversupply of P in manure that is applied to farmland. Over the past 15 yr, phytase enzymes [2] have been introduced to the poultry feed industry to increase the availability of P from phytate to the bird, thus reducing the environmental costs of poultry production (for a recent review see [3] ).
Phytate binds nutrients in addition to P, and the addition of phytase to feed causes the release of these nutrients and allows their absorption by the bird. Nutrients affected by phytates include minerals and protein [1, 4] , and phytase has been shown to affect the release of energy [5] . Protein and energy may be the most significant because they represent the greatest nutrient costs in poultry diets. Therefore, although most attention has been on the positive effects of phytase on the release of P, energy and protein should be considered when evaluating phytase supplementation.
For the benefits of phytase to be realized, formulation changes are needed that reflect the action of the enzyme on nutrient availability. Research on the use of phytase in broiler nutrition has been extensive [3] , but that on layer feeds has been much more limited, despite the importance of P for both bone strength and eggshell strength. This trial evaluated the inclusion of phytase enzyme in layer diets, using matrix values for the enzyme that adjust the formulation for the release of energy, protein, and other nutrients from the feed ingredients, in addition to that of P.
MATERIALS AND METHODS
A total of 480 Lohman LSL-Lite and Classic Brown 1-d-old chicks (240 of each strain) were obtained from a local hatchery [6] and raised in pullet-rearing cages at the Agassiz Research Centre. At 16 wk of age, pullets were housed 3 to a cage with a floor space of 2,250 cm 2 , providing 750 cm 2 per bird. At 18 wk, day length was increased from 9 to 14 h to initiate sexual maturity and egg production. Six birds in 2 adjacent cages (3 birds/cage) formed an experimental unit, and there were 8 units for each combination of layer strain and diet. Throughout the pretrial and experimental periods, feed and water were available to allow for ad libitum consumption. Care of the birds followed principles described by the Canadian Council of Animal Care [7] and the protocol was approved by the Animal Care Committee of the Agassiz Research Centre. Formulation for dietary nutrients followed the nutrient requirements described by the production guides [8] and the nutrient profiles of ingredients described by the National Research Council [9] . Ingredients and nutrients for the rearing and early lay periods are not shown here. Experimental diets were fed from 30 wk of age, with the experimental period divided into a mid (30 to 45 wk) and late (46 to 60 wk) cycle. For each strain and period, a control diet (0) was formulated based principally on corn and soybean meal (Table 1) . Experimental diets were formulated by using matrix values provided by Danisco Animal Nutrition [10] for phytase additions of 300 and 600 U/kg (300+, 600+) to layer diets (Table 2) . Formulation is based on the amount of material added, so although the total nutrient amounts released by 600 U of phytase/kg were greater than with 300 U of phytase/kg, the nutrient amounts released per gram of material added were less for the greater addition, as can be seen in Table 2 . Phytase was added as a mixture with Celite [11] , an insoluble ash, and negative control diets (300−, 600−) were formulated for enzyme addition, but included an equal amount of Celite without the enzyme. Phytase activity in the diets was analyzed by Danisco Animal Nutrition, following methods described by Engelen et al. [12] .
Body weight was measured just before the diet changes at 30 and 45 wk and at the end of the trial. Feed consumption was measured during 1-wk periods at 29, 44, and 59 wk, and FE was calculated as the grams of feed required to produce 1 g of egg. Measuring feed consumption just before diet changes allowed the hens the longest possible time to adjust to changed nutrient amounts so that it most accurately reflected dietary nutrients. Mortality was recorded throughout the trial.
Egg production was measured for 5 d/wk. Egg quality was measured before experimental treatments were applied (29 wk) and at 43 and 58 wk. At each of these times, eggs were collected for 1 d and stored overnight at 4°C. Each egg was weighed and broken onto a flat surface, and albumen height was measured with a tripod micrometer. The yolk was separated from the albumen and weighed, and the shells were washed in warm water, dried at room temperature for several days, then at 100°C for 4 h, and weighed. Albumen weight was determined by the difference.
Statistical Analysis
Response data were analyzed separately by strain and period. Most were analyzed by using the GLM procedure of SAS [13] with ANOVA that included the diet as a fixed effect. When the model was significant at P < 0.05, means were separated by using Duncan's multiple range test. The significance of differences in mortality among groups was tested by using contingency chi-square [14] . [11] , an insoluble ash, or Celite without enzyme. 4 Calculated nutrient values for diets that included enzyme are the same as those for the control (0) diets, and values calculated for diets without enzyme are shown with the assumption of no enzyme activity.
RESULTS AND DISCUSSION
Formulation changes to account for the nutrient release caused by phytase addition allowed the diets to contain slightly less soybean meal because of the protein value of the enzyme, less canola oil because of the change in energy, and substantially less inorganic P ( Table 1) . The reductions in soybean meal, canola oil, and inorganic P were accompanied by greater amounts of barley. Adding phytase with the matrix values shown in Table 2 allowed a reduction in the calculated value for AME of 34 to 47 kcal/kg and a reduction in the calculated value for protein of 0.18 to 0.21% for the 300+ and 600+ treatments, respectively. Most significantly, the formulation changes resulted in a reduction in available P (before phytase was considered) of 0.12% with 300 U/kg and of 0.15% with 600 U/kg.
The endogenous phytase in unsupplemented diets was approximately 100 U/kg (73.0 to 128.5 U/kg; Table 3 ). Scott et al. [15] reported that the corn-based diets they studied contained 46 phytase units/kg and that the wheat-based diets contained 516 phytase units [16] of endogenous phytase. Although corn has low levels of phytase, the diets used in this trial included 8.00 and 10.30% wheat, which likely contributed to greater endogenous phytase levels. The levels of phytase measured in the 300+ and 600+ diets reflected the amounts of enzyme added.
Symptoms of inadequate P for laying hens are high mortality, low feed intake and BW gain, and low egg production [17] [18] [19] [20] . Mortality in this trial was 9.8% over the 30-wk experimental period (45 of 458 hens) but was not affected by the diets and was very similar for the 2 strains (24 of 234 LSL White and 21 of 224 Brown Classic). Within each treatment, mortality ranged from 2 hens (of 48) in the LSL control treatment to 8 (of 48) in the LSL 300− treatment.
Feed consumption of these hens (Table 4) was not affected by treatment in the first series of experimental diets (wk 44 to 45), but appeared to be affected by the second series (wk 59 to 60). Feed consumption of hens given the 600− treatment (adjusted for phytase without phytase addition) was greater than feed consumption of those fed the control diet (LSL-Lite) or the 600+ (adjusted for phytase with phytase addition) diet (Brown Classic). Hens are very sensitive to the [21] and regulate their feed intake according to their requirements [22, 23] .
The hens in the 600− treatments may have eaten more to compensate for lower levels of dietary energy, and the addition of phytase should allow the hens to obtain the required energy with less feed. No differences in FE were seen between treatments.
Despite the slightly greater feed consumption of hens in the 600− treatment, the Brown Classic hens in this treatment weighed less (along with those in the 600+ treatment) at 45 and 60 wk than those fed the control diets ( Table 5 ). The Brown Classic hens in the 300− group also weighed less than those in the control group at 45 wk. Body weight gains of Brown Classic hens in the Means within each strain with different letters are different at P < 0.05. 1 Each mean represents 8 two-cage units with 6 birds per unit, reduced by mortality. The treatments "300−" and "600−" indicate the modified diets without phytase, and the treatments "300+" and "600+" indicate the modified diets with added phytase. 600− treatment, but not the 600+ treatment, were lower between wk 30 and 45 than those in the control group and the 300+ group. Body weight gain more accurately measures feed use because it removes random variation in BW. There were no differences between treatment groups in BW or BW gains for LSL-Lite hens.
Between wk 45 and 60, egg production (Table 6) of LSL-Lite hens in the control group was lower than that of hens in other groups, except for the 600− group, from which it did not differ. Other differences in egg production were not significant. Egg quality ( Table 7 ) measurements showed that LSL-Lite hens fed the 600+ diet laid smaller eggs at wk 58 than those in other groups and that this was due to a reduction in the weight of the albumen. We have no immediate explanation for the observation of significant differences in egg numbers or egg weights.
Although several significant differences were found that could relate to P deficiency in the 600− diets, with phytase eliminating the difference, it is clear that there were no major effects of the dietary treatments, and a more likely ex- Means within each strain with different letters are different at P < 0.05. 1 Each mean represents 8 two-cage units with 6 birds per unit, reduced by mortality. The treatments "300−" and "600−" indicate the modified diets without phytase, and the treatments "300+" and "600+" indicate the modified diets with added phytase. Means within each strain with different letters are different at P < 0.05. 1 Differences between diets were not significant at wk 29, and these data are not shown. The treatments "300−" and "600−" indicate the modified diets without phytase, and the treatments "300+" and "600+" indicate the modified diets with added phytase. 2 The sample sizes are shown in brackets above the columns for egg weight. If the sample size differed from that of egg weight, it is provided above the column. planation for these differences may be random chance. The NRC [9] recommends a level of 0.25% nonphytate P with feed consumption of 100 g/hen per day. This amount has been confirmed in several studies, and several [15, [17] [18] [19] 24] have suggested that the true requirements may be even lower. Keshavarz [25] found that nonphytate P levels of 0.25, 0.20, and 0.15% in a phase-feeding program were adequate, although Keshavarz [26] suggested that there were differences between strains. In the poultry industry, however, inclusion of much greater levels of nonphytate P in layer feeds is recommended. Coon [27] suggested including 0.42% nonphytate P, and the management guides that were followed here (Lohmann) recommend 0.34 to 0.39%, depending on the strain and age of the hens.
CONCLUSIONS AND APPLICATIONS
1. The excess of nonphytate P in layer diets was included to ensure that levels were adequate for all strains and to compensate for variation in P in dietary ingredients. As such, the excess provided a margin of safety. 2. Phosphorus levels could be reduced and the safety margin could instead be provided by the inclusion of phytase. 3. Phytase provides the additional benefit of releasing nutrients other than P, especially energy and protein, which allows for a reduction in the amount of highvalue ingredients in the complete feed.
